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C/SPSULE STORAGE AND DENSITY-ANALOG TECHNIQUES

H. C. Paxton ':•

/

ABSTRACT " ;' //

Density-analog schemes"for describing critical
arrays "of fissile units have a long history. They
originated as methods for generalizing results of
subcritical measurements on weapon capsules. Such "
measurements were needed to establish; reasonably
efficient rules for capsule storage. Although spe-
cific density-analog models have been improved
throughout the years, they are now largely replaced
by comprehensive tabulations of critical-lattice
parameters. Certain simplified forms are still use-
ful tias convenient formulas for extrapolation or for
gross sorting vp,safety features.

I.'ITRODUCTION ^

In the 19^0's the need to store mas-

sive weapon capsules led to de-nsity-analop

schemes for representing arrays of fissile

units. To. keep the ccale of storage facil-

ities under control, it wa3 necessary to

reneralize the results of sutcritlcal "vault

tests" that were undertaker, at the Los

Alamos Scientific Laboratory (LASL) in

1<W. l Recent declas'sificatlon of infor-

mation about these tests and about subse-

quent measurements involving weapon compo-

nents allows us to review the history of

density-analog teenniques. Is. a-i.iiUor. to

explaining the origin and applications of

these tecfcnJques, wo point out the extent

to which they have been dlaf.laced by pre-

cise representations of critical arrays,

rind su(TROst ways in which thi'y oar. still te

useful.

."7T."r WITH USAV; :; couF>:iy:!T:'

Vault ?c.:za. The name ''vault test" wa

• if/rivod from the arr.'iSW-'T'ierii sluwn In Fie;.

1. A lightweight frumowurk pivvldva loca-

tions for as many as 27 capsules in a cubic

array, which could be surrounded completely

'by concrete. The framework was in two parts

and was mounted en tracks so that the two

portions, with part of the concrete, could

be withdrawn in opposite directions. A

scram signal automatically actuated the•

withdrawal, .and it was possible to reassem-

ble renot>?3y. Concrete walls and roof were

1 ft thick and line floor was of 6-in.-thick

reinforced concrete. The interior dimen-

sion of the cubic vault could be adjusted

to 3, 4, or 5 ft;. Spacings provided by the

framework could be adjusted to correspond.

Basic components, called "fissile

units," wero U(93)-Pu combinations, each

equivalent in reactivity to a sphere or

about 20 kp; UC93)• An entire capsule, call-

ed a "tamped un'.t," was a fissile unit sur-

rounded by natural urariium varying in thick-

ness fron k to 2k in. Neutron-multiplica-

tion values were measured as adjacent lat-

tice positions were filled progressively

by risslle units, then by tamped units, and

finally by fissile units opened into halves.



Cc-ts of curves for tlje figsile unltso appear

in Fijs. 2, along with results of later meas-

urements on smaller vaults. All reciprocal-

•nultiplicatlon curves were extrapolated to

crltieallty, although results for the larger

vaults were highly fictitious. The cross-

multiplication curves, (M ), whicn are nor-

malized to unity for a'single unit, are rea-

sonable representations of interaction. An

arbitrary rule, adopted for all storage ar-

rays, is that1 the overall value of cross

multiplication should not exceed two.

To provide a basis for generalization,

extrapolated critical data from these tests

were represented as in Pig. 3. These re-

sults apply to fully reflected arrays, and

similar curves were obtained wheri vault

walls and top were removed. The apparent

power relationships between critical number

and lattice density,

const 0
-8

(1)

suggested the relation for the critical mass

of a single unit as density is changed uni-

formly

(P/Ro)-s (2)

where p. is the critical mass at full den-

sity pQ. Because of this similarity, the

terr. "density analog" was applied to rela-

tion (1). :

Testa uith Larger Captulti. Some years

after the vault tests, other subcrltical

r.easurenents were made on arrays of larger

.•admlum-plated U(93)-Pu capsules, each e-

qulvalent in reactivity to a sphere; of about

32 *E UC93 5• Results for large arrays of

such units in 16-in.-square by 25-in.-hiEh

containers were reported by Schuske of Dow

Chemical Company's Rocky Flats Plant.'*•'

Although tests were directed more toward

practical storage arrangements than ideal-

ized lattices, some extrapolated data were

jerfuced for cubic arrays. Figure 1 gives

typical results for planar (two-dimensional)

arrays of these units en a concrete f.loor.

With a little imagination thfse data could

be extended to give'the critical spacing for

an infinite planar array; The corresponding

surface density, along with similar results

for large low-density units,2 suggested the
f surface-density correlation of Fig. 5." (It

should beonot'2d"that general validity of

the •'suggested storage limit" has been dis-

puted. )

As expected, reciprocal cross-multipli-

cation curves for linear (one-dimensional)

arrays of the large capsules ĵ evel "out at

smaller numbers than do the corresponding

curves for planar arrays. Figure 6 gives

such a comparison for H6-in. spaeingsv

Out of these measurements and density-

analog extrapolations grew general rules

for crlticaiitv control in the storage o?\

capsules and e'nrfehed-uranium components of

gur.-type weapons. These rules persist,

despite the Tact that they could be refined

in terms of recent informatoon, such as

that in "Culde for Crlticallty Control In

the Storage of Fissile Materials."* The "

storage limits follow.

Type of
Array

linear

planar
H

H

volume
tt

H

H

Minimum Centef-
to-Center Spacing

' 16

21
il

16

36
30
21

20

in.(10.6

in.(61.0

in.(53.3

in.(10.6

in.(91.1

in.(76.2

in.(61.0

in.(50.8

cm)
cm)
cm)

cm)
cm)
cm)

cm)

cm)

Allowable
Number of Units

no limit I

no limit

;•. 50

32
10
30

20
12

Rather arbitrarily, arrays such as those

listed were considered Isolated from one

another if more than 13 ft apart or sepa-

rated by concrete at least 1 ft thick.

Additional subcritical measurements

were made on large capsules arranged in

more practical storage configurations, such

as that of two facing planar arrays sepa-

rated by various distances (Fig. 7). Each

plane contained 12 capsules spaced 30 in.



center-to-center. As the reciprocal cross-

multiplication curve shows, interaction

between planes is small when they are sep-

arated by more than 10 ft. At a separation

of 6 ft, the multiplication was not affect-

ed by the persons shown in Pig. 7, standing

as they might in the corridor of a storage

vault.

Similar measurements on larger numbers

of the same capsules in an actual storage

vault are described by Pig. 8. If cross

multiplication were not allowed to exceed

two, the permissible number of these units

would be about 25 at 19-ln. center-to-center

spacing and 50 at 21-in. spacing. When

four people stood in the corridor, neutron

counting rate actually was "iduced somewhat.

There was no measurable effect from the

Illustrated 25 units In a neighboring en-

closure separated by a 12-in.-thick con-

crete wall.

The last two series of tests led to

the concept of "associated arrays" con-

sisting of two facing planar arrays sep-

arated by less than 13 ft. This concept

was used in special rules applicable to

capsule storage in cramped quarters, such

as on shipboard. Modified rules for asso-

ciated arrays are as follows.

Mnlnum C«nt«r- «ll««t>H Munbtr of Unlt« In «rr«yt
to-Ccnttr Sptclnc t.J] ft (1>3 cmi 7.19 re <«» i
or Unltt p«ti«i ' " ' '
30 in.(76.2 c«) 90
it In.(61.0 ea) U
21 ln.(53-3 » ) IS
19 Jii.<*l.3 » ) 30

*rra»«
110
to
(0

These limits also could be refined, but have

served well enough as they stand.

Flooding Tttt. Although cadmium plat-

ing would protect against critleality if

only one of the large capsules should be

flooded, there was some question about the

effect of rising water on an array of such

capsules in their containers. Again, ship-

board storage compartments were of princi-

pal concern. Because the container con-

sists sf a relatively small cylinder within

a tubular framework, or "birdcage," units

in a flooded array would be isolated by

large water thicknesses. But effects of

partial flooding were not well known, so an

experiment with the setup shown in Fig. 9

was undertaken at LASL. A tank containing

eight units in contact was surrounded by

concrete walls and closed on top by boxes

of paraffin. As the water level rose in

the tank, neutron response differed little

from that expected for a single unit.

WEAPON STORAGE

One of the biggest hazards in the stor-

age of complete implosion-type fission weap-

ons is the conventional explosive. In most

such weapons the explosive is effective in

preventing criticdllty, but, of course, in-

troduces risks of its own. In our experi-

ence, a 4-ln. thickness of explosive be-

tween nuclear components of fission weapons

(2 in. per weapon) provides a neutron shield

that will prevent crlticality for unlimited

storage in any arrangement.

For a few weapons of the fission-fusion

type, therr are restrictions on numbers that

can be stored in volume (three-dimensional)

arrays. For some of these weapons, special

subcritical measurements were made to estab-

lish or confirm permissible storage arrange-

ments. Incidentally, in no case was there

a restriction on linear or planar arrays of

such weapons in their usual containers.

One set of tests explored the safety

of the two-high arrangement (Fig. 10) which

would conserve deck space on a ship. The

results, given in Fig. 11, show that the

length of this array could be extended in-

definitely without exceeding a cross-multi-

plication value of two. They further dem-

onstrate the negligible effect of another

unit that might be above the array while

being moved into its proper location.

Me. of the experiments described a-

bove would be unnecessary today. To a large

extent, powerful computational techniques,

such as Monte Carlo, with large banks of

experimental data for validation, would take



the place of suberifcical teets. Of course,

there remains the possibility of measure-

i.ienta for the purpoae of confirming ques-

tionable conputed margins below crltlcality.

EVOLVTIOH OF DBSSITI-AHALOG TZCHHIQUIS

Initial D*n»ity~Analog Formulation.

In the course of weapon m\i component teata

a rather specific modtl for critical arrays

was hypothesized and became known as th*

density-analog method, Although published

elsewhere,* a review of this scheme, with

its subsequent improvements, and ita short-

comings, fits into thiu discuasion.

The nypotheals wta that the simple

extrapolation formula of relation (1) could

be turned into a more specific expression

patterned after (2). Namely, It we.2 as-

sumed that the critical mass of a cubic

array could be expressed »

Mo (3)

where m Q 0 la the critical mass of a cube of

the fissile material at full density p0,

reflected like the array. Conservative in-

terpretations of subcritlcal measurements,,

Including those discussed above, auggested

the following correlations between the ex-

ponent s and the "fraction critical" of a

unit f;

s • 2(l-f) for unreflected arrays, (ta)

s - 1.4(l-f) for heavily reflected arrays.

(tb)

The quantity f is the same as that in Fig.

5. This model gives the following simple

expression for a reflected array for which

f *> 0.3:

Mc(refl) - mco(refl) (5)

As early as I960, it was observed that

the critical data for arrays (as opposed to

aubcritlcal data) gave values of s that did

not fit the above expressions very well.

These results, obtained from near-equilat-

eral critical clusters of solution contain-

ers, appear as the deviant points In Fig.

12.

Modified Formulation*. D. R. Smith1

reoognlzed that the value of s for extremely

large reflected arrays must approach that

for unreflected arrays of similar units, as

is the extreme case for density exponents

of isolated bare and reflected spheres.

The Implication, of course, is that relation

(4b), Implying a constant value of a for

reflected arrays, is not a good model.

To improve matters, Smith continued to

use expressions (3) and (J*a) for unreflected

arrays, but applied a computed "reflection

factor" R to obtain the critical mass of

the corresponding reflected array. Thus

the resulting critical mass was expressed

by

Mc(refl) - [mco(iare)/R](po/p)
2a"r). (6)

Smith also computed the following values of

R for various homogeneous systems at very

low densities.

LIMITING RATIOS OP CRITICAL MASSES OP BARE

AND WATER-REFLECTED SPHERES AT LOW DENSITY

Core Composition R

1/(93) metal

U(93)02

U(93)P6

80
U(93) solution, H/ O 5U • 60

U(93) solution, H/235U » *J00

Fu metal

13

8.0

6.0

2.7

5.1

2.7

19

Somewhat later, when more became known

about critical cubic lattices, <T. T. Thomas7

pointed out that for a still better approx-

imation the constant value s - 1.8 could be

adoptee! for all large cubic arrays of prac-

tical-size units. He suggested that the

density-analog concept be used only for ex-

trapolating to smaller p" from an experimental



(or computed) critical array of reasonable

size, Instead of from a full-density crit-

ioal mass. It follows that the simple ex-

trapolation '"ornula (t) becomes

(7)

where the constant A is evaluated in terms

=!' the critical values of N and pQ/p"for a

V.r.cwr. reference array of the same units.

Teiita of P^Ksity-Annlog Schemes. The

role of der.slty-analor models Is Influenced

profoundly ty the reliable parameters that

exist now for a ^reat variety of critical

eubij lattices.1"1'* Most significantly,

reliance upon suoh r.ciels has all but dis-

appeared, although the simpler forms still

hrive their place as convenient formulas for

extrapolation or for *:ross sortlr.r of saf«-

ty features. Because of these residual

•jjes, we repeat here evaluations of the var-

ious ier.slry-ar.&loir acher.es.4

Resultc of these schemes are compared

with rf-II-ille pa:-:i.T.etc-r̂  for far.! lies cf

crl-.i.'-il ?uti3 lattices of ::"??) r.t-tal,

'-'S3! solution, plutonluiu rofil, n:.i VC,

ur.ita. Firure 13 illustrates serious dcfl-

.•ier.cl.?:; rtf the initial specific der.clty-

•ir.i'.r.r r.od<'Z. It shows that the veralot: .jf

th!c r.-::iol repreapr.ted by Eq. (5), fer f "-

C.5, !"T;1L- far shori, of critical numbers 1:.

Isvr*: vfV.»>.?re-J arrays, while Jt is af.-juiTy"

:. •!-.:icr,rj«':ivitivo for email arrays. The ôr.-

:-!;iftvitle irpri ver.er.t, from Smith's modifi-

;^: I.;,, i:$. {(), is shown by Flp. It. Ever.

t::la forr: U; hirhly conservative at sr.all

-•^•.i-jf .i-r.i-lMfS.

T. ;:"..r.rit'- *:S:c rtlll further advan-

t.•:»•<* i-f '!:<• f rr. uuitcested Ly Thomas, con-

st-tr.t A hrn; bet;-:. ..-hoButi such that Kq. (7)

ropr^sont" n soruwhat oonservatlve ersvelort

fr •• »j;o frir.! 1 i.• r of arrays we arc- cotisid-

•••rlt..'. "nr #hir purpyci1, the value of A

" )rr<-r.por.'iir.r ''o f * ".^ is adjusted by the

f-i ••.':• r.-/f f ri':!u:e the penalty for .'ir-

r'«ys of ic-nr reactive units. Equation (7)

thtr. tooor.r.T-

(0.012/f)(po/?)" for f <. O.ii,

whijph is represented in Kip. i'5i together

'witLthe reference families cf lattices.

Although this is the best of the specific

density-analog forr.s, it is not simple e-

nough to be an easily remembered substitute

for the extensive tabulations that Thonas

has provided."

Deneiiy-Ar.alog Sakertep at F.eet. Sen- _

sity-analoR r.ethods have served acceptably

during our period of ipnorance about p-'jrar.-

eters of larpe critical lattices, tut the

comprehensive tabulations that appear in ,.

Ref. h are rr.ore reliable and as easy to use.

The densfcty-analof- concept pei-sists ir.

the ,sirp:e extrapolation fnr.T.'ils TEq. (7)j

const (PO/P") — »

which provides a handy mear.s oi extendinp

l̂ r.own critlsallty data. Although wo r.&w

realize that it "Is extremely srude, another

very simple expression [£q. {.<~)1

'c- /":, fcr f < ?.? and ar.all F,> T.

oar. L-? useful for ir.r.«."51<t»t ely dlE

totwoer-,hle'--y cubcritlral lattice!; and

those that :-equlr>: better evaluation. These

1er.sity-ar.alof; fragments are-all that we

recomo":ii reta 1 r. 1 r.r.

A final observ.v icr. ir. that cienfity-

ar.aloR pictures cf cubic lattices do not

extend readily to the fcore haphazard layouts

th.it tire customary ir, rrcoenElr.r Flar.ts.

Mere, scne vcrsior. of the critical surface

Jcr.sity :or.?cpt introduced lr. Flf. 5 is

prcbubly more applicable.1'
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